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A bstrac t. A  po lym er of an isocyanide (R-N=C{)„ has b een  synthesized  in  which R  
contains a benzo-18-crow n-6 g roup . T h e  crow n e th e r  rings are  on  top  o f each  o th er and 
form  channels w hich b ind  m eta l ions. T h e  ch annel com pound  can  be  in co rpo ra ted  in 
vesicles and is ab le  to tran sp o rt ions across th e  b ilayer m em b ran e .
INTRODUCTION
Ion tran sp o rt across the m em brane of the living cell is a 
biologically im portan t process. G enerally , two different 
m odes of transm em braneous transport have been  estab ­
lished: the carrier and the channel m ode.1 T he first type 
of tran sp o rt is displayed by depsipeptide and m acro tet- 
ro lide  antibiotics like V alinom ycin and N onactin .2 These 
ionophores form  lipophilic com plexes with cations at one 
in terface of the m em brane which then  m igrate across the 
m em brane to the o ther in terface w here the cation  is 
re leased . T he second type of transport is found  w ith 
linear peptides, e.g. G ram icidin A , and tran sp o rt p ro ­
te in s ,1 which c rea te  selective pores. These pores m ay be 
solvent-filled channels, o r m ore likely, may be  a series of 
ion b inding sites which span the m em brane. Ion  trans­
p o rt w ould then  consist of a series of hops betw een  these 
sites.
N um erous m odels of carrier-type ionophores have 
been  synthesized and studied in natural and m odel 
m em brane system s.3 Synthetic m odels of channel-type 
ionophores are very scarce.4 In the p resen t pap er we 
rep o rt the first synthesis of a channel type ionophore.5 
T he com pound is a polym er of an isocyanide, (R-N=C()„ 
l b  w hich contains a benzo-18-crown-6 group  in its side 
chain . F u rtherm ore , we w ould like to d em onstra te  that 
channel com pound lb  can be  incorporated  into vesicles 
and is able to  transport ions across the m em brane.
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RESULTS AND DISCUSSION
Synthetic Approach  
A m odel of a channel-type ionophore should  display 
the follow ing features: a series of ion binding sites, pores 
with a po lar in terio r and an apo lar exterior, a hydrophilic 
top and  bo ttom  which may face the two aqueous sides of 
a m em brane, and a chain of sufficient length to span the 
m em brane.
T h e  problem  of how to  construct such a m odel may be  
a ttacked  in several ways. A n  obvipus and stra igh tforw ard  
one is the stacking of a num ber of ringlike segm ents. W e 
have chosen  th is approach  as versatile  bu ild ing  blocks, 
i.e. m acrocyclic rings, a re  available. C row n e th e r rings, 
e.g. 18-crown-6, fit ou r purpose as they b ind ions and 
possess a polar in te rio r and  an apo lar ex terio r.6-7 The 
stepw ise connection  of these rings via la te ra l appendages 
is synthetically  difficult and has no t gone fa r  beyond two 
rings.7 W e have found a way of building u p  the stack of 
rings by using a polym er of an isocyanide as central 
anchorage.
Polym ers of isocyanides, called poly(im inom ethylenes) 
o r poly(carbonim idoyls), a re  p repared  from  isocyanides 
by th e  catalytic action of nickel(II) salts.“ T heir structure  
is very  regular and rigid. In  particu lar this is true  for 
po ly (a-phenylethy lim inom ethylene), la .8,9 This po lym er 
is a tightly coiled helix w ith four repeating  units per 
helical tu rn . Its side chains form  fo u r stacks which run  
paralle l to th e  polym er helix axis. In  these  stacks the  
phenyl groups a re  situated  on  top o f each o ther a t =  0.4 
nm distance and are locked in this position  by th e  tight 
pack ing  of th e  po lym er chain. If th e  phenyl groups are 
m ade p art of a  crow n e th e r ring system , like  in lb ,  the!se 
crow n e th e r rings are on top  of each o th e r and form  four 
channels (Fig. 1). T he core, top and bo ttom  of these 
channels a re  po la r, w hereas the m antle is apolar.
Po lym er lb  was p repared  as show n in Scheme 1. 
S tarting  m aterial is 4 '-acetyl-benzo-18-crow n-6 which can 
be p repared  by acety lation  of benzo-18-crown-610 or by 
ring closure of l-ace ty l-3 ,4-dihydro xybenzene with 
pentaethyleneglycol d ichloride.11 T he k e to  function of 
the m acrocycle was converted  (88% ) into a form am ide 
group by m eans of a L euckart reac tion .12 Form am ide 3 
was dehydrated  w ith phosphorus oxychloride and base. 
A fte r purification by colum n chrom atography isocyanide 
4 was ob tained  in 80% yield as a colourless oil. The 
in frared  absorp tion  spectrum  showed a characteristic 
isocyanide stretching vibration at 2138 cm "1. Polym eriza­
tion of 4 was perfo rm ed  by heating the m onom er neat at 
90 °C fo r 5 days w ith 3 mol % of NiCl2.6 H 20 .  Polym er lb  
was iso lated  in 75% yield as a pale yellow solid. Its 
m olecular w eight am ounted to  M y =  15,000 which corres­
ponds to  40 repeating  units o r 10 helical tu rns. Since the
A u th o r  to w hom  correspondence  should  b e  addressed.
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Fig. 1, S ch em atic  p icture  of the channels of lb .
o y ,
R'-CCH, ---------- > R'-C-NHCHO --------- » R -Ç-N=C
3 %  ch3
2 3 4
Schem e 1.
d istance betw een  neighbouring turns is 0.4 nm ,‘ the 
average leng th  of the channels will be 4 nm. This length is 
of th e  sam e order of magnitude as the thickness of the 
b ilayer o f m ost vesicle systems (4-5 nm ").
T he b ind ing  properties of the channels of lb  tow ards 
m etal ions and  am m onium  ions were m easured by the 
p icra te  ex trac tion  technique described by Cram et a l.13
A ssocia tion  constants and free energies o f binding are 
given in T ab le  1. As reference com pound 4-acetylbenzo- 
18-crow n-6 (2) was used. Compound l b  displays free 
energ ies o f binding ranging from 35.5 to 42.7 kJ/m ol. 
T hese b ind ing  energies are roughly 5 kJ/m ol higher than  
the b ind ing  energies of the reference com pound. The 
d ifference in binding profile between l b  and 2  may be
T ab le  1. A ssocia tion  Constants, K a, and F ree  E nerg ies of 
C o m p lex a tio n  of P icrate Salts by Ionophore  lb  and 4'- 
acety lbenzo-18-crow n-6, 2“
G u es t
K . x l O - ’/Q .m o l -1) 
lb  2
- A G 7 ( k J .m o l“‘) 
l b  2
Li* 17 2.8 35.6 31.0
N a+ 20 3.8 36.0 31.8
K* 300 130 42.7 40.6
R b + 120 28 40.6 36.8
Cs* 90 7.4 39.7 33.5
n h : 55 20 38.5 36.0
C o3+ < 0 .0 5 < 2 0
a. C o m p a re  R ef. 13.
explained from  the fact that in the form er com pound the 
m etal ions can be sandw iched betw een consecutive 
crow n e ither rings, which favours binding, and  in the 
la tte r com pound they cannot.
Incorporation and  Ion Transport
A s shown above, com pound l b  displays the main 
fea tu res which are thought to  be required for channel 
m ediated  ion transport. T herefore, it is tem pting to  
investigate w hether l b  can be incorporated in th e  bilayer 
m em brane of vesicles and favour such an ion transport. 
E xperim ents w ere perform ed with the synthetic surfac­
tan t 5 .14
CH 3 _(C H 2)15C H 3 
Br~ \ N +
CH ,"" X  (CH2)„0 C (0 )C H (C H 3)N=C
5
O n dispersal in w ater 5 forms closed aggregates. The 
bilayers of these aggregates can be polym erized through 
their isocyano functions by addition of nickel capronate . 
T he polym erized aggregates show enhanced stability.
Surfactant 5 and channel com pound lb  were mixed in 
w ater in a m olar ratio  of 250 and dispersed by vortexing 
for 2 min. In separa te  experim ents nickel capronate  was 
added  to achieve cross-linking of the bilayers. Freeze 
fracture e lectron m icrographs revealed the presence of 
small, closed aggregates (Fig. 2). From  the size d istribu­
tion histogram s the average diam eters of the unpolym er­
ized and polym erized vesicles were calculated to be 17 
and 23 nm, respectively (Fig. 3a,b). E lectron m icrographs 
of vesicles and polym erized vesicles prepared under the 
sam e conditions as m entioned above, how ever w ithout 
lb ,  show d iam eters of 60 and 165 nm (Fig. 3c,d). The 
decrease in vesicle size when lb  is added and the 
concom itant narrow er size distribution strongly suggests 
th a t this com pound is incorporated. A similar effect is 
observed w hen pro teins are built in liposom e, e.g. the 
incorporation  of glycophorin in phosphatidylethan- 
olam ine vesicles.15
E vidence of incorporation  also comes from gel filtra­
tion  experim ents on Sephadex columns. These experi­
m ents reveal th a t channel com pound lb  and the un ­
polym erized or polym erized vesicles are p resen t in the 
sam e peak  in the void volum e of the column. B lank gel 
filtration experim ents with dispersions of the separate  
com ponents show peaks at different elution volum ina,
i.e. vesicles in the void volume and com pound l b  in a 
b road band a t a relative elution volume of ~ 4 .
T he phase-transition  tem perature  of the vesicles was 
determ ined  by observing changes in line w idths of the 
C H 2-protons in the ‘H  NM R spectra as a function of 
tem pera tu re . T he unpolym erized vesicle dispersions con­
taining com pound l b  showed a phase transition at =  24 
°C. D ispersions w ithout l b  had this transition at 30 °C. 
T he lowering of the transition tem perature  suggests 
incorporation  of lb ,  although not conclusively, as phase 
transition tem pera tu res also depend on vesicle size.1'’ The 
polym erized vesicles with and w ithout lb  do not show 
phase transitions anym ore. Clearly, the presence of 
cross-links leads to  restricted mobility of the hydrocar­
bon co re .1,1
Ion transport across the bilayer m em brane of the 
vesicles was studied using cobalt(II) ions. The la tte r ion 
was selected as am ple dyes are available th a t form 
coloured com plexes with this ion, e.g. 4,5-
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Fig. 2. F reeze  fracture e lec tron  m icrographs of unpolym erized (A ) and  po lym erized  (B) vesicles co n ta in in g  lb . 
M agnification, x  100,000.
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mixed w ith an aqueous solu tion  of C o (N 0 3)2 and Tiron. 
The change in absorp tion  of the Co2,-T iro n  com plex was 
m easured a t 314 nm. B lank experim en ts w ere perform ed 
with vesicles w ithou t lb. T he resu lts a re  given in Fig. 4. 
D ecrease in absorp tion , suggestive of co b a lt ion tran s­
port, is clearly visible for vesicles con ta in ing  lb bu t not 
for those w ithout this com pound. A s these  experim ents 
are n o t conclusive — they only show  th a t cobalt ions 
d isappear from th e  exterior aqueous so lu tion  —  a second 
series of experim ents was carried  ou t w ith vesicles con­
taining PA R  in th e ir  aqueous in terio r. T o th is end vesicle 
dispersions w ere p repared  by vortexing su rfac tan t 5, 
com pound lb and PA R  in w ater. Polym erized vesicle 
dispersions w ere prepared  in a sim ilar way by adding 
nickel capronate . The exo vesicular dye was rem oved by 
dialysis with d ilu ted  aqueous HC1. A fte r neutralization
D i a m e t e r / n m
Fig. 3. Size d istribu tion  histogram s: (a) unpolym erized vesicles 
contain ing  lb ;  (b) polym erized vesicles containing lb ;  (c) un­
polym erized  vesicles w ithout lb ;  (d) polym erized vesicles with­
o u t lb .
dihydroxybenzenedisulphonic acid disodium salt (Tiron, 
6) and 4-(2-pyridylazo)resorcinol mono sodium salt 
(PA R , 7).
E xtrac tion  experim ents showed tha t C o(II) ions are 
bound to the channels of lb, although to a lesser extent 
than  the alkali m etal ions (Table 1).
In  a first series of experim ents surfactant 5 and channel 
com pound lb  w ere vortexed in w ater and subsequently
Min
Fig. 4. C hange in abso rp tion  a t 314 nm vs. tim e. (®) Vesicles 
con tain ing  l b ;  (■ )  vesicles w ithou t lb .
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th e  d ispersions w ere  m ixed with an aqueous solution of 
C o(N 0 3)2. T h e  in crease  in absorption by the coba lt-P A R  
com plex w as m easu red  at 510 nm at 20 °C. B lank 
experim en ts w ere  perfo rm ed  with unpolym erized and 
po lym erized  vesicles w ithou t lb . In Fig. 5 the results of a 
typical ex p e rim en t w ith  unpolym erized vesicles are p re­
sen ted . A p p a ren tly , tran spo rt of cobalt ions across the 
b ilayer occurs w hen  channel com pound lb  is present. 
P seudo -firs t-o rder kinetics are obeyed. The transport 
ra te  constan ts  a re  in th e  order of lO '4 s '1. W ithout lb  no 
ion tra n sp o rt tak es  p lace . Only after destruction of the 
vesicles by th e  n eu tra l surfactant Triton-X-100 increase 
in ab so rp tio n  a t 510 nm  is visible.
L eakage  of th e  unpolym erized vesicles and thus a 
m easu rab le  b lan k  ra te  was observed when the experi­
m ents w ere ca rr ied  o u t at tem peratures above the phase 
transition  te m p e ra tu re . Leakage also occurred w hen the 
dye was n o t o r  incom pletely  rem oved from the exterior 
aqueous so lu tion . A pparen tly , under these conditions 
th e  vesicles are  destabilized .
A ll p o lym erized  vesicle dispersions showed the same 
co b a lt ion tra n sp o rt ra te  w hether channel com pound lb  
was p re sen t o r  n o t. R a te  constants are in the range of 
10"3 to 10'"' s ' 1. T his suggests that in these systems lb  
does no t co n tr ib u te  to  transm em braneous transport. The 
reaso n  m ight be  th a t th e  ionophore is not able to span 
the  m em b ran e , e.g. because of the cross-links in the 
b ilayers. In  this co n tex t it is of interest to m ention  that 
a fte r stan d in g  fo r a  w eek  or longer com pound lb  slowly 
p rec ip ita ted  from  th e  polym erized vesicle dispersions. A 
sim ilar effect w as n o t observed with the unpolym erized 
sam ples. A p p a ren tly , polym erized vesicles of 5 and lb  
are  no t com p le te ly  com patible. The observed ion trans­
p o rt ra te  in case o f th e  polym erized vesicles is probably 
due  to  le ak a g e  o r  d u e  to  a process in which the capronate 
ions from  th e  polym erization catalyst act as carrier 
m olecules.
C onclusion
This investiga tion  has shown that a realistic m odel of a 
channel-type  io n o p h o re  can be designed and constructed 
on the  basis of polym ers of isocyanides which contain 
m acrocyclic rings. A s macrocyclic rings of different size 
a re  easily accessib le  nowadays, this opens the possibility
Fig. 5. C h a n g e  in  ab so rp tio n  at 510 nm vs. tim e. ( • )  Vesicles 
con ta in in g  lb ;  (■ )  vesicles w ithout lb .
of synthesizing ionophores which display ion selectivity. 
W ork along these lines is currently  in progress.
EXPERIM ENTAL
In frared  and U V -V is spectra  w ere recorded on P erk in -E lm er 
283 and 555 spec tro m eters , respectively. ‘H  N M R  spectra  w ere 
ob tained  on V arian  E M  390 and  B ruker W P 200 instrum ents. 
Chem ical shifts are  given dow nfield from  in ternal M e4Si. A b ­
breviations used are  s =  singlet, m =  m ultiple!, d =  doub le t and 
b =  b road. E lectron  m icroscopy was carried  out w ith a Philips 
EM  301 instrum ent. Sam ples w ere frozen in a slash of liquid and 
solid n itrogen, frac tu red  w ith a D enton  freeze etch  appara tus, 
and rep licated  w ith P t/C  according to standard  p ro ced u res .17 
Glycerol was added  u p  to 25%  to preven t freeze dam age.
4 ,5 -D ihydroxybenzene-l,3-d isulphonic acid d isodium  salt 
(Tiron) and 4-(2-pyridylazo)resorcinol m onosodium  salt (PA R ) 
w ere purchased from  M erck  and  U C B , respectively. T riton-X - 
100 was ob ta ined  from  Schuchardt. Nickel capronate w as p re ­
pared  from  capron ic acid and N iC O ,.N i(O H )2.
4 '-Ace ty lbenzo-18-crow n-6  (2). This com pound was p re ­
pared  by ring  closure of 3 ,4-dihydroxyacetophenone w ith 1,14- 
d ich loro-3 ,6 ,9 ,12-tetraoxatetradecane (yield 48% )" o r by acety- 
lation of benzo-18-crow n-6 (yield 84% )."'
4 '- ( l-N -Form ylam inoe thy l)benzo -18 -crow n-6  (3). C om ­
pound 2 (17.5 g, 49.4 m m ol) and am m onium  form ate (50 g) w ere 
heated  in a N 2 a tm osphere  fo r 7 h. D uring  this period  the 
tem pera tu re  was slowly raised  to 190 °C while w ater and 
am m onium  ca rb o n a te  w ere distilled off. A fte r cooling to room  
tem peratu re  the  m ix ture was dilu ted  with w ater (100 ml) and 
chloroform  (100 ml). T h e  organic layer was separa ted  and the 
aqueous layer was ex trac ted  twice with chloroform  (100 ml). 
T he com bined ex trac ts w ere w ashed with w ater, dried  (N a ,S 0 4, 
M g S 0 4) and co n cen tra ted  und er vacuum . T he resulting orange- 
red oil was purified by chrom atography using a short colum n of 
neutral alum ina (e luen t E tO A c -E tO H , 9:1 v/v) and recrystalli­
zation from  E tO A c-d ie th y l e th er. Yield 16 g (44 m m ol, 88% ) of 
3; IR  (KBr) 1675 (C O ), 1100 and 1250 (ether) c m '1; 'H  N M R  
(CDC1,) S 1.43 (d, 3H , C H ,), 3.67-4.10 (m, 20 H, C H 2C H 20 ) ,5 .1  
(m, 1H, C H ), 7.0 (b, 1H, N H ), 6.8 (m, 3H , A rH ), 8.13 (s, 1H, 
C H O ).
4'- (] - isocyanoethyl)  benzo-18-crown-fi  (4). To a so lu tion  of 3 
(9.57 g, 25 m m ol) and trie thylam ine (8.1 g, 80 m m ol) in 
m ethylene chloride (50 ml) was added dropw ise at 0 °C ov er a 1 
h period  p hosphorus oxychloride (4.9 g, 32 mmol) in m ethylene 
chloride (15 ml). T h e  m ixture was stirred at 0 °C for 1 h. 
S ubsequently , the te m p era tu re  was slowly (0.5 h) raised to 25 
“C. A queous N a2C O , was added  and the organic layer was 
separa ted , dried  (N a2SO j, M g^SO J, and concentrated  under 
vacuum . T he p roduct (11 g) was purified by colum n ch ro m ato ­
graphy (neutral A120_„ eluen t E t0 A c - E t ,0  1:1 v/v). Y ield 7.3 g 
(20 m m ol, 80% ) of 4 as an alm ost colourless oil. IR  (neat) 2138 
(NC), 1100 and 1260 (e ther) c m '1; 'H  NM R (CDCI,) S 1.62 (m, 
3H , C H ,), 3 .65-4.15 (m, 20 H, C H 2C H 20 ) ,  4.74 (m, 1H, CH ), 
6.90 (s, 3H , A rH ).
Poty[I  - (4 '-benzo-18-crown-6)elhyHminomethylene]  (lb). 
C om pound 4 (0.60 g, 1.64 m m ol) and N iCl2.6H 20  (12 mg, 0.05 
mm ol) were h eated  n ea t a t 90 °C for 5 days. The reddish glassy 
polym erization p ro d u c t was dissolved in chloroform  (25 ml). 
T he la tte r so lu tion  was w ashed with w ater, d ried  (N a2SO„), 
concen tra ted  to a sm aller volum e (5 ml) and added dropw ise to 
a well stirred m ix tu re  of diethylether-zi-hexane (1:1 v/v). The 
flocky p recip ita te  was filtered, washed with d ie th y le th er-n - 
hexane (1:1 v/v) and  d ried  to give pale-yellow lb . Yield 0.45 g 
(75% ); [ti] 0.031 (to luene , 30 .00°C); M v = 15,000; IR  (K B r) 1625 
(N=C), 1260 and 1100 (ether) c m 1.
'H  N M R  (C D C I,) 8 1.4 (b, 3H , C H ,), 3.Ó-4.3 (b, = 2 0 H , 
C H 2C H 20 ) ,  6.8 (b, 3H , A rH ), the m ethine H is p robab ly  (see 
Ref. 18) m asked by the crow n ether  p ro tons. A nal. C aled, for 
C 19H 27NO„: C, 62.45; H , 7.45; N , 3.83; O, 26.27. F ound: C, 
62.13; H, 7.19; N, 3.96; O , 26.72.
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D im eth y lh exa d ecy l[l 1 -((1 -isocyanoethyl)carbonyloxy)unde- 
cy l]a m m o n iu m  bromide (5). This com pound was prepared  as 
described  previously .14
■Determination o f  association constants. A ssociation constants 
of m etal p icrates by lb  and 2 were d e term ined  as described in 
the li te ra tu re .13
Incorporation experiments. C om pound lb  (2.0 mg, 0.14 ixmol) 
and surfac tan t 5 (20 mg, 32 |xmol) w ere d ispersed in w ater (1 m l) 
by vortex ing  fo r 2 m in at 20 °C. To sep ara te  sam ples nickel 
cap ro n a te  (1.8 mg, 6.2 (xmol) was added  to achieve polym eriza­
tion  of the  b ilayers (reaction time 12 h). T he dispersions w ere 
used for e lec tron  m icroscopy, gel filtration (Sephadex G-100, 
sam ple size 0.1 ml, e luen t w ater) and 'H  N M R experim ents. In 
the la tte r case D 20  was used as solvent.
Ion transport. S urfactant 5 (10 mg, 16 |i.mol), com pound lb  (1 
mg, 0.07 (xmol), and an aqueous solution contain in ing  PA R  (1 
ml, 8.2 ixmol, p H  7.5) were vortexed for 2 min a t 20 °C. 
Polym erized  vesicle dispersions containing P A R  were p repared  
in a sim ilar way by adding nickel cap ronate  (1 mg, 3.5 junol, 
polym erization  tim e 12 h). The exo vesicular P A R  was rem oved 
by dialysis (A m icon Diaflo U M  or Y M  2 filter) w ith diluted 
aqueous HC1 (4 x  40 ml, pH  3). T he pH  of the resulting 
dispersions was raised to 7.8 with d ilu ted  N aO H  and the volume 
was ad justed  to 25 ml. T he la tter dispersion (0.5 ml) was mixed 
with an aqueous solution of C o(N O ,)2 (20 jxl, 1.19 mol/1) and 
afte r 3 m in the increase in absorption a t 510 nm was m easured . 
B lank  experim en ts w ere perform ed w ith unpolym erized and 
polym erized  vesicles w ithout lb . D estruction  of the  vesicles 
occurred  w ith 0.1 ml of a 2% aqueous solution of Triton-X-100.
F or the  experim ents with indicator T iron  a vesicle dispersion 
was p rep ared  from  S (20 mg, 32 (xmol), lb  (2 mg, 0.14 jxmol) and 
2 ml of w ater as indicated above. This dispersion (0.6 ml) was 
m ixed w ith an aqueous solution (10 |xl) of C o (N 0 3)2 and T iron 
(both reagen ts 5 x 10"’ mol/1, pH  7.3) and  after osm otic equilib­
ration  (3 m in) the decrease in absorp tion  was m easured  at 314 
nm.
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